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Abstract 
The purpose of this study is to analyze the differences in two running styles: rear-foot strike (RFS), in which the heel 
lands first and fore-foot strike (FFS), in which the ball of the foot lands before the heel comes down. These running 
styles were compared in term of vertical mathematical model parameters and motion-analyzed data. The ground 
reaction forces were measured by force platform with the same subjects performing each style of running at various 
velocities ranging from 2.23 m/s to 4.47 m/s. A unique set of parameters of the model for each trial was computed by 
nonlinear programming to minimize the sum of the relative standard error of the ground reaction force and the 
relative error of rebound velocity. Motion-analyzed data was measured by a high-speed motion capture system. The 
differences in running styles were considered by using results from parameters of a multi-degree-of-freedom model 
and motion analysis. The results of this study indicate that the FFS needs less energy than RFS because of the contact 
style and the impulse as internal forces. And it also indicates that the ratio of the upper to lower mass of the vertical 
mathematical model is higher in FFS than in RFS. A previous study also showed that the effective mass related to the 
first peak of ground reaction force was smaller in FFS than that in RFS. For this reason, FFS may reduce the risk of 
running injuries such as injuries to the hip, knee and ankle joints by reducing the impact to the body. 
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1. Introduction 
In African countries, many long-distance runners use a fore-foot strike (FFS) style of running, in 
which the ball of the foot lands before the heel comes down [1] and this running style might be spreading 
as a new trend. However, almost eighty percent of marathon runners worldwide use rear-foot strike (RFS) 
style, in which the heel lands first. 
Meanwhile, running injuries to the hip, knee and ankle joints have become common due to the 
increasing population of jogger and marathoner. These injuries are mainly caused by the ground reaction 
force during the impact phase. Therefore, we have focused on the buffering effect of the running surface 
or shoes. In previous studies [2] [3], we have already devised a mathematical model for a sports surface 
which reproduces the vertical buffering effect. Also we have made a two-dimensional vertical model that 
represents the vertical ground reaction forces for human running, also in relation to shoes. But most of 
these studies are for RFS running and there have been few studies on FFS running. It seems like the 
number of FFS runners is increasing because of successes of African runners in international 
competitions. Therefore, we thought that we should elucidate the force of FFS for long-distance runners, 
and compare the two running style, RFS and FFS, using the same mathematical model and motion-
analyzed data. 
 
Nomenclature 
 
m0  Upper mass parameter 
m1  Lower mass parameter 
m2  Mass of shoe (=0.1kg) 
x0, x1, x2  Displacement 
k0, p0, k2, p2 Parameters for nonlinear elastic element 
k1  Parameter for linear elastic element 
c1  Parameter for linear viscous element 
c0, q0  Parameters of nonlinear viscous element in compression phase 
c0 , q0   Parameters of nonlinear viscous element in restore phase 
sign (  )  Signum function 
2. Multi-degree-of-freedom model for ground reaction force 
Figure 1(a) shows the typical vertical ground reaction force in RFS running. The vertical force is 
characterized by two peaks. The first peak is known as the passive load, which cannot be cushioned by 
human movement as the duration of the first peak is too short. This peak is very important for the 
evaluation because it is considered as the origin of most running injuries. To express the two peaks in the 
vertical force, the model needs to have at least two masses. In previous studies [2][3], we proposed a 
viscoelastic model which could generate not only the vertical ground reaction force precisely but also the 
rebound velocity which is almost same as the rebound velocity in the experiment. 
 Figure 1(b) shows the vertical runner model proposed in this study. The model touches down at point 
P without slip during the contact period. And m2 is regarded as the mass of the shoe, equivalent to 0.1kg. 
The lower mass, m1 indicates summed mass of the foot, lower and upper thigh which is related to the 
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passive load. m0 is the mass of the whole body except m1 and m2. The assumptions of this model are as 
follow: (1) differences in running style and velocity can be described by difference in the set of 
parameters; (2) m0 and m1 are variable because they might be changing for each running style and 
velocity; (3) during the landing, the value of parameters are fixed. But switching them is allowed. The 
equations of motion of this model are listed below: 
      (1) 
  (2) 
    (3) 
     (4)  
3. Experiments 
Two running styles with various velocities ranging from 2.23 m/s to 4.47 m/s were performed by five 
male subjects who are well-trained athletes. Their ages ranged from 21 to 24, their height from 172 cm to 
174 cm and their weight from 55 kg to 62 kg. The subjects gave informed consent to participate in this 
study, which was approved by the Health and Safety Committee of Toyohashi University of Technology. 
The subjects ran on the force platform and the trials were recorded by a high-speed motion capture system 
to acquire the trajectory of the center of gravity (COG) of the body in the sagittal plane. Vertical and 
horizontal (sagittal plane) forces were acquired from the force platform and the incidental and the 
rebound velocity of the COG of the body were calculated by the motion-analysis system. 
4. Parameter identification of the runner model 
According to this model, simulated forces were calculated as an initial-value problem of differential 
equations. The set of parameters of the model for each trial was searched by nonlinear programming 
 [4]), minimizing the objective function. The objective function was the summation 
of the Relative Standard Error (RSE) of the ground reaction force, and the Relative Error (RE) of the 
rebound velocity. To compare RFS and FFS under the same conditions, the same model and objective 
function were applied for all trials and similar initial-values for trials showed nearly equal velocities. 
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Fig. 1(a) General vertical ground reaction force; (b) Multi-degree of freedom model 
5. Results and Discussion 
5.1 Simulated force and RSE and RE 
Table 1 shows the running velocity and RSE between experimental and simulated data of vertical force 
and the RE of rebound velocities for each trial. Also, Fig. 2 shows a comparison between experimental 
and simulated data of vertical force for trials A1, A2, B1 and B2.  The same letter of the alphabet 
indicates the same subject. As shown in Fig. 2, the vertical force was well represented with this model. 
Although it was not as precise as in the previous study, the estimated force managed to represent the first 
peak of force and landing period. Thus we considered that the features of RFS and FFS were significantly 
reproduced, and it would be meaningful to compare them using the results. 
Table 1 Running velocity, RSE and RE for each trial 
Trial No. Running velocity [m/s] Running style RSE [%] RE [%] 
A1 2.96 RFS 9.15 0.18 
A2 3.09 FFS 12.23 0.75 
B1 4.47 RFS 11.55 0.12 
B2 4.21 FFS 8.51 0.01 
Mean error 10.36 0.27 
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Fig. 2. Vertical ground reaction force by experiment and simulation of trial number A1 (a), A2 (b), B1(c) and B2 (d) 
5.2 Results of parameter identification 
Table 2 shows sets of parameters for each trial. The m01 of the FFS is 5.1% larger than that of RFS in 
trials A1 and A2, and 8.4% larger in trials B1 and B2 as well. The lower mass, m1 decreased in FFS for 
both trials. Since m1 is related to the passive load [5], it is confirmed by this model and Fig. 2. 
 Figure 3 shows the force that is produced by dp0 in the model. Also, Table 3 shows the impulse of dp0 
for each trial. This force is regarded as the force that is absorbed during the compression phase and is 
released during the restoration phase. Therefore, FFS managed to run less energy than RFS because the 
impulse of dp0 of FFS was 33.6% lower than that of RFS in trials A1 and A2, and 50.5% lower in trials 
B1 and B2. 
6. Conclusion 
A vertical mathematical model was proposed for both RFS and FFS running in this study, and the 
differences between these running styles were compared in term of parameter values. The results are 
summarized as follows: 
(i) The proposed model can reproduce vertical force of RFS and FFS well. 
(ii) The first peak of the ground reaction force is lower in FFS because the mass of m1 in FFS is 
smaller than that of RFS in the model. 
(iii) FFS needs less energy to run than RFS because FFS consumes less energy inside the muscle 
than RFS. 
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Table 2. Set of parameters for each trial. 
Trial No. m01 k0 p0 c0 q0 c0' 
A1 0.834 4.64E+04 1.235 760.6 8.161 -327.1 
A2 0.877 5.26E+04 1.211 251.7 5.371 -267.6 
Ratio 1.051 1.135 0.980 0.331 0.658 0.818 
Trial No. q0' k1 c1 k2 p2 Vratio 
A1 0.543 1.75E+06 2.83E+03 1.07E+09 3.271 0.847 
A2 0.831 5.14E+05 1.48E+03 9.12E+08 3.371 0.541 
Ratio 1.530 0.293 0.521 0.852 1.030 0.638 
 
Trial No. m01 k0 p0 c0 q0 c0' 
B1 0.821 4.94E+04 1.177 218.1 6.456 -491.6 
B2 0.890 6.96E+04 1.149 588.2 5.141 -351.6 
Ratio 1.084 1.407 0.976 2.696 0.796 0.715 
Trial No. q0' k1 c1 k2 p2 Vratio 
B1 0.852 7.28E+05 2.80E+03 4.22E+09 3.194 0.743 
B2 1.302 4.49E+06 2.92E+03 2.79E+09 3.697 0.751 
Ratio 1.528 6.168 1.040 0.660 1.157 1.011 
 
 
Fig. 3. Time series graph of force that is produced by dp0 of trial number A1 (a), A2 (b), B1(c) and B2 (d) 
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Table 3. Impulse of dp0 for each trial 
Trial No. Impulse [N s] Trial No. Impulse [N s] 
A1 45.53 B1 59.65 
A2 30.22 B2 29.51 
Ratio 0.664 Ratio 0.495 
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